Abstract Conservation agriculture, which is based on minimum tillage, permanent soil cover and crop rotations, has widely been promoted as a practice to maintain or improve soil quality and enhance crop productivity. To a large extent, the beneficial effects of conservation agriculture are expected to be provided by permanent soil cover with crop residues. Surface crop residues play an important role for crop growth through their benefits on soil-related structural components and processes in the agro-ecosystem, referred to in this study as agro-ecological functions. Through a meta-analysis of the literature, we have studied the relative effects of surface crop residue levels on the performance of a set of agro-ecological functions compared with a no-till bare soil, i.e., without surface residues. The selected agro-ecological functions were soil water evaporation control, soil water infiltration, soil water runoff control, soil loss control, soil nutrient availability, soil organic carbon (SOC) stocks and gains, weed control and soil meso-and macrofauna abundance. The potential effects of crop residue cover were quantified using boundary line models. Our main findings were (1) 8 t ha −1 of residues were needed to decrease soil water evaporation by about 30% compared to no-till bare soil. (2) To achieve the maximum effect on soil water infiltration, water runoff and soil loss control, residue amounts of at least 2 t ha −1 were required. (3) The effect of increasing the amounts of surface crop residues on soil nutrient supply (N, P and K) was relatively low; the boundary line models were not significant. (4) The average annual SOC gain increased with increasing amounts of residues, with a mean of 0.38 t C ha −1 year −1 with 4 to 5 t ha −1 of residues. (5) Weed emergence and biomass can be reduced by 50% compared to a no-till bare soil with residue amounts of 1 t ha −1 or more. (6) There was a weak response in soil mesoand macrofauna abundance to increasing amounts of surface crop residues. The maximum effect corresponded to an increase of 45% compared to a no-till bare soil and was reached from 10 t ha −1 of residues. Our findings suggest that optimal amounts of surface residues in the practice of conservation agriculture will largely depend on the type of constraints to crop production which can be addressed with mulching.
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Introduction
Soil degradation, defined as negative changes in a soil's organic matter and nutrient status, is a worldwide problem. It has emerged as a threat to food security through the reduction in crop production (Oldeman 1998). Practical solutions for soil conservation are needed to ensure sustainable food production. Conservation agriculture has widely been promoted as a practice to maintain or improve soil quality and enhance crop productivity (Scopel et al. 2013) . Conservation agriculture is based on three principles: minimum soil disturbance, permanent soil cover and crop rotations (FAO 2015) . Previous studies have stated that increases in crop productivity using conservation agriculture are to a large extent provided by the permanent soil cover (e.g., Hobbs 2007) .
Crop residues retained as mulch on the soil have effects on the soil-related structural components and processes of the agro-ecosystem (see Fig. 1 ), potentially enhancing crop production. In this study, we denote these components or processes as agro-ecological functions.
Mulching with crop residues limits soil water evaporation and soil crusting, thereby increasing soil water infiltration and soil water availability to the crop (e.g., Scopel et al. 2004; Gangwar et al. 2006) . Residue cover provides physical soil protection from water runoff and minimizes the risks of water and wind erosion (e.g., Bertol et al. 2007; Lal 2009 ). Decomposition of crop residues retained on the soil surface also influences nutrient cycling in the soil and the availability of nutrients to the crop (Aulakh et al. 1991; Govaerts et al. 2007; Turmel et al. 2014) . Finally, minimum soil disturbance and the presence of a residue cover may enhance soil carbon storage (Corbeels et al. 2006) , contribute to the reduction of weed infestation (Teasdale and Mohler 2000; CaamalMaldonado et al. 2001; Bilalis et al. 2003 ) and increase soil biological activity (Kladivko 2001; Liu et al. 2016) .
The effects of surface crop residues vary according to climate conditions, and factors such as residue level and type of residue can influence crop responses to mulching. Some authors have reported low or delayed germination rates and reduced crop growth with high quantities of crop residues under cool and humid climates (e.g., Schneider and Gupta 1985; Swanson and Wilhelm 1996) . Several studies have found that additional nitrogen (N) fertilizer is needed when cereal crop residues are left on soils to avoid an immobilization of soil mineral N resulting in lower crop yields (e.g., Beri et al. 1995; Govaerts et al. 2006) .
Crop residues have uses other than mulch, such as for livestock feed (Giller et al. 2009; Naudin et al. 2012) or for biofuel production (Wilhelm 2004; Lal 2009 ). Using crop residues as livestock feed can result in greater economic benefits than their retention as mulch for the improvement of soil fertility (Naudin et al. 2012) . One megagram of maize residues is equivalent to about 378 l of ethanol (Lal 2009 ). So, there are clearly competing uses for crop residues between energy production, livestock feed and agro-ecological functions. This implies that trade-offs exist in their use. Evaluating the performance of surface crop residues in relation to a set of agroecological functions can therefore indicate which crop residue management is best and what amounts are optimal.
The aim of this paper is to identify relationships between soil cover using crop residues and the performance of selected agro-ecological functions. To achieve this, the performance of agro-ecological functions on no-till mulched soils was compared with that of no-till bare soils (Fig. 2) , i.e., without surface residues, through a systematic literature review. Such a comprehensive review has not been conducted before.
The agro-ecological functions provided by surface crop residues that were analyzed in this study were soil water evaporation control, soil water infiltration, soil water runoff control, soil loss control, soil nutrient availability (mineral N, available phosphorus (P), exchangeable potassium (K)), soil organic carbon (SOC) stocks and gains, weed control (weed emergence, weed biomass) and meso-and macrofauna abundance. The performance of each function was analyzed both according to the amount of residue and the proportion of soil covered by residue.
Material and methods

Literature search
We performed a systematic literature search according to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement (Moher et al. 2009 ). The on-line Scopus database (http://www.scopus.com) was used for the literature search. The subject area was limited to Agricultural and Biological Sciences, the search language to English and the combination of keywords varied according to the agroecological function being studied. For all searches, the following keywords were used (an asterisk being a replacement for any ending of the respective term): [mulch* OR residu* OR straw] AND ['Conservation Agriculture' OR 'no till*' OR 'zero till*' OR 'direct seeding' OR 'direct drilling' OR DMC]. DMC is the acronym for direct seeding mulchbased cropping, another denomination for conservation 
Study selection
Publications were eligible for inclusion if data on the selected agro-ecological functions was available from field experiments in which a no-till bare soil treatment, i.e., without crop residues, was compared with a no-till soil treatment using a mulch of crop residues. Taking this approach, the sole effect of surface crop residues on agro-ecological functions could be investigated, without the interactive effects of (no-)tillage.
Studies from the selected publications compared bare soil and mulched soil treatments using randomized block designs or paired comparison designs with repetitions. The results in our analysis were expressed relative to no-till bare soil, thus allowing for the aggregation and analysis of data from studies conducted under different agro-ecological conditions. This approach also allowed us to compare the different agroecological functions that are provided by residue cover. Publications which did not report the quantities of surface crop residues or the extent of soil cover provided by crop residues used in the experiments were excluded. We also excluded publications involving residues from perennial crops, plastic mulch or live mulch. Data from model simulations was not used in the analysis, however published models which show a relationship between the quantity of mulch and an agro-ecological function were presented. Studies from the same publication that were conducted under different experimental conditions or treatments (e.g., slope, fertilization and cropping season) were considered as individual cases in this review. In total, 54 papers were considered in our analysis, representing a total of 110 study cases.
Data extraction
For each study, we extracted data that were available in the text, tables or figures on the agro-ecological functions under study in our review. Numerical values were extracted from figures by using WebPlotDigitizer 3.8. (Rohatgi 2015) . Study cases were classified as tropical or temperate according to the Köppen climate classification (Peel et al. 2007) . From the 110 study cases, 56% were from tropical regions and 44% from temperate regions. The study cases included several types of mulch: 34% used maize residues, 20% used wheat residues and 20% used rice residues.
Data analysis
For each agro-ecological function, results were analyzed both according to the amount of surface residue and the proportion of soil covered by residue. When the soil cover was not available, the quantity of crop residues (M) was converted to the proportion of soil covered (F c ) following the equation described in Gregory (1982) :
where the coefficient A m is the area-to-mass ratio of the residue (ha kg ). Values for A m were taken from Steiner et al. (2000) for wheat, oat, barley and rye residues; Dickey et al. (1985) for soybean, pea, cowpea, pigeon pea and oil radish residues; Gregory (1982) for maize and sorghum residues; Anzalone et al. (2010) for rice and Bahiagrass residues; Macena Da Silva et al. (2006) for millet residues and Teasdale and Mohler (2000) for vetch and lupine residues. M is the amount of residue (kg ha ). The reverse was conducted when the proportion of soil covered by residues was available, but no data on the quantity of residues was available in the published study.
The performance by which an agro-ecological function is provided by surface crop residues for functions which normally have positive impacts on crop production, namely soil water infiltration, soil nutrient availability, SOC stocks and mesoand macrofauna abundance, was defined as (Törnqvist et al. 1985) :
where Ym and Yb are the values of the function considered on mulched (m subscript) and bare soil (b subscript) respectively. Using the same naming convention, for soil water evaporation, water runoff, soil loss, weed emergence and weed biomass, which normally have a negative impact on crop production, performance was defined as:
For each agro-ecological function, we reported both discrete values and continuous functions from the publications selected for this review.
Boundary line models, as the maximum response for each function in relation to the amount of surface residues, were drawn. They represent the best performance of surface residues with respect to a given agro-ecological function across the studies in this review. These boundary lines were fitted by using the maximum likelihood methodology (Milne et al. 2006) . The boundary line models were evaluated using the index of agreement (IOA) based on Willmott et al. (2012) , which spans between −1 and +1, with values approaching +1 representing better model performance. Exponential models were the best fit for all agro-ecological functions. The parameters of each boundary line model are detailed in Table 1 .
3 Results and discussion 3.1 Effect of surface crop residues on soil water processes
We analyzed the effect of quantity and cover of surface crop residues on three major soil water processes affecting the crop water balance, i.e., soil water evaporation, soil water infiltration and water runoff.
Soil water evaporation
Four cases, from Balwinder-Singh et al. (2011) and Gava et al. (2013) , were retrieved from the literature measuring soil water evaporation under no-till soil with and without a mulch of crop residues. All these studies were conducted in tropical regions.
Total soil water evaporation during the cropping season was reduced by crop residue mulches (Fig. 3) . The maximum effect of the quantity of surface residues on soil water evaporation as shown by the boundary line was a reduction of close to 30% compared to bare soil, which is reached with 8 t ha −1 of residues or more ( Fig. 3a) . Parameter estimates of the boundary line were highly significant (P < 0.001), despite the low number of observations. There was a general trend of decreasing soil water evaporation with increasing proportions of soil covered by residues (Fig. 3b) .
Surface crop residues provide physical soil protection and reduce the solar energy reaching the soil, thereby reducing soil water evaporation losses (Scopel et al. 2004; Lal 2008; Balwinder-Singh et al. 2011) . A mulch of crop residues is more effective in reducing soil water evaporation when the soil is wet and the leaf areas of growing crops are low (Lal 2008; Balwinder-Singh et al. 2011) , which explains the differences in effects on soil water evaporation during the pre-versus post-anthesis period of wheat observed by Balwinder- Singh et al. (2011) .
Soil water infiltration
The data published on the effect of increasing amounts of surface residues on soil water infiltration was highly dispersed (Fig. 3c, d ). The majority of studies were from tropical zones. The boundary line showed a twofold increase in soil water infiltration compared to bare soil with 2 t ha −1 of residues or more. Parameter estimates of the boundary line were significant (P < 0.05) (Fig. 3c ). There was a general trend of an increase in the soil water infiltration rate with an increasing proportion of soil covered by residues (Fig. 3d) . A totally covered soil can increase soil water infiltration fourfold compared to bare soil. Residue cover intercepts part of the rainfall, limiting soil crusting and soil losses through runoff, and thereby increasing the soil water infiltration rate (Lal 2008) . Residues and the products of their decomposition improve soil structure x amount of residues, y agro-ecological function performance, IOA index of agreement, SOC soil organic carbon, NS not significant
(1) ***P < 0.001; **P < 0.01; *P < 0.05 through enhanced soil aggregate stability and soil porosity (Jordán et al. 2010) , which also improves the soil water infiltration rate. The negative effects of residue cover on soil water infiltration, as shown in some case studies from BlancoCanqui and Lal (2007a, 2009) , could be explained by the fact that the presence of mulch may restrict water infiltration by imparting water repellent and hydrophobic properties to the soil surface (Sharratt et al. 2006) . It is important to note that the relationship between soil water infiltration and surface residues also depends on several other factors, such as slope, soil hydraulic conductivity, vegetation density, and rainfall quantity and intensity (Dunne et al. 1991; TerAvest et al. 2015) . Lal (2007a, 2009) reported that water infiltration increased with increasing levels of soil cover on a slope of 10%, while on a slope of less than 2%, water infiltration was not related to the level of soil cover. Such interactions between factors involved in soil water infiltration processes make it unlikely that a clear relationship between soil water infiltration and mulch quantity or cover can be defined. We were unable to account for these factors as, for example, co-variates because of the limited information available on these factors in the selected papers. Nevertheless, since we compared soil water infiltration rates between bare and mulched soils under the same (no-till) soil conditions, it can be expected that the major effects on water infiltration are the result of residue cover and its effect on soil structure (Verhulst et al. 2010 ).
Soil water runoff
The efficiency by which surface residues control water runoff increased with the amount of residue. The spread of observations on soil water runoff as a function of residue mulch was lower when related to the quantity of residues than to the proportion of soil covered (Fig. 3e, f) . Residue amounts of 1.5 to 4.5 t dry matter ha −1 decreased water runoff by about 50% compared to bare soil (Fig. 3e) . Parameter estimates of the boundary line were significant (P < 0.05). The equation from Scopel et al. (2004) for soil cover suggests that the same effect can be reached with a soil cover of about 20% (Fig. 3f) . Surface crop residues protect soil against structural degradation of the surface, thereby increasing rainfall infiltration and reducing water runoff. Residue cover delays the time before runoff is initiated and slows runoff flows as a result of the increased roughness of the soil surface and the obstruction of runoff pathways (Lal 1997) .
For an equal amount of surface residue, significant differences in efficiency on water runoff can to a great extent be explained by the level of the slope of the field (Scopel et al. 2005) and by the amount and intensity of rainfall (Dunne et al. 1991) . Results from Scopel et al. (2005) showed that 4.5 t dry matter ha −1 of surface residues reduced runoff by 20 and 40% compared to bare soil on slopes of 3 and 7%, respectively. Findeling et al. (2003) and Scopel et al. (2005) showed that 1.5 t dry matter ha −1 of residues reduced water runoff by 50% compared to bare soil when the total rainfall was less than 40 mm, while with rainfall of more than 1000 mm, 4.5 t ha −1 of residues was needed to achieve the same effect.
Effect of surface crop residues on soil erosion
Soil erosion decreased drastically with increasing amounts of surface crop residues (Fig. 4) . Residue levels of 2 to 4 t dry matter ha −1 reduced soil erosion by about 80% compared to bare soil. With 8 t dry matter ha −1 of residues and above, there is virtually no more soil loss. Examining the level of soil cover, around 60% soil cover reduced soil loss by an average of 80%. The boundary line showed that the maximum effect of surface residue amounts on soil erosion can be reached with 2 t ha −1 of residues (Fig. 4a) . This corresponds to 80% soil cover or more (Fig. 4b) . Parameter estimates of the boundary line were highly significant (P < 0.001).
Residue cover dissipates raindrop energy and reduces the velocity of runoff flows, thereby decreasing soil detachment (Mannering and Meyer 1963; Gilley et al. 1986 ). It protects the physical structure of topsoil, improves aggregate stability and minimizes surface crusting (Jordán et al. 2010) .
The efficiency of residue cover in reducing soil loss depends to a great extent on rainfall intensity (Lal 1997; Scopel et al. 2005) . Results from Scopel et al. (2005) show that 4.5 t dry matter ha −1 reduced soil erosion by 36% compared to bare soil during a stormy year, whereas the same quantity of residues reduced soil erosion by only 16% compared to bare soil in years with low rainfall intensity. This effect may also explain the differences between results from experiments with simulated and real rainfall events; residue cover was in general more effective under simulated rainfall having, on average, higher rainfall intensities than real rainfall events (Fig. 4a, b) . The efficiency of residue cover in soil erosion control also depends on the type of residue. Wheat residues, which have a higher area-to-mass ratio than maize, rye or rice residues, are the most effective for soil erosion control. For maize, rye and rice residues, amounts between 1.5 and 4.5 t dry matter ha −1 were needed to reduce soil loss by 50% compared to bare soil, while only 2 t dry matter ha −1 of wheat residues reduced soil loss by about 90% (Woyessa and Bennie 2004) .
Effect of surface crop residues on soil nutrient availability
Residue decomposition releases nutrients to the soil and increasing amounts of surface residues are expected to improve soil nutrient content, at least in the long term. In the short term (<1 year), an immobilization of nutrients into soil organic matter may occur as a result of the relatively high C-tonutrient ratios of residues such as cereal straw. Data studied Fig. 3 Relative effect of surface crop residues on soil water evaporation control, soil water infiltration, and soil water runoff control. Blue symbols are data from temperate zones and red symbols from tropical zones. For soil water runoff, filled symbols are data from simulated rainfall and unfilled symbols are from real rainfall events. Black curves are the boundary lines using the maximum likelihood methodology. Red curves are from published literature Data were from Balwinder- Singh et al. 2011 , BlancoCanqui and Lal 2007a , 2009 , Cattan et al. 2006 , Findeling et al, 2003 , Gava et al. 2013 , Gilley et al. 1986 , Jordán et al. 2010 , Khalon et al. 2012 , Lal 1984 , Panachuki et al. 2011 , Ruy et al. 2006 , Scopel et al. 2004 , Scopel et al. 2005 , Sharrat et al. 2006 , Sidiras and Roth 1987 , Smith et al. 1992 , Stumborg et al. 1996 , Wilson et al. 2004 , Woyessa and Bennie 2004 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3 in this section concerns soil nutrient concentrations (g kg
) in the 0-30 cm topsoil layer from studies with time horizons of 1 to 3 years. In this part of the paper, we review the effect of residue cover on soil mineral N, available P and exchangeable K. Although it is expected that changes in soil bulk density may occur under a no-till bare soil compared to a no-till soil with surface crop residues, especially during the first years of the experiment, the use of nutrient concentrations instead of stocks does not essentially affect the final relationships and conclusions that we found on the effects of surface crop residues on soil nutrient availability. Nutrient contents in no-till soil with surface residues may somewhat have been underestimated as a result of a possible lower soil bulk density compared to no-till bare soil (without residues).
Soil mineral nitrogen
Results from the studies reviewed showed a trend of increased mineral N concentration with increased residue cover. The efficiency of residue cover in improving soil mineral N concentration was, however, relatively low (Fig. 5a, b) . The maximum effect corresponded to an increase of around 30% compared to bare soil and was reached with more than 10 t dry matter ha −1 of residues, which is equivalent to 100% soil cover. However, in some case studies residue amounts from 4 to 7 t dry matter ha −1 caused a decrease in soil mineral N compared to bare soil without surface residues. Residue decomposition influences the availability of N for crops through the release of mineral N to the soil. Legume residues with a relatively low C-to-N ratio lead to nitrogen mineralization, whereas cereal residues with a relatively high C-to-N ratio can temporally immobilize N (Aulakh et al. 1991; Govaerts et al. 2006) . As expected, the results from the reviewed papers showed in general a higher increase of soil mineral N in the case of legume residues than in the case of cereal residues (Fig. 5a, b) .
The observed decreases of soil mineral N concentration in mulched soils compared to bare soils can therefore be explained by the immobilization of N during the decomposition process of non-legume residues (Feng et al. 2014 ).
Available soil phosphorus
As shown in Fig. 5c, d , observations of available soil P as a function of the amount of surface residues or the proportion of soil covered were highly dispersed.
Retention of crop residues in the field is expected to increase the availability of P in topsoil through mineralization, which was demonstrated by the data from Feng et al. (2014) and Pradhan et al. (2011) , showing an improvement of available soil P with an increase in the amount of residue. However, wheat and maize residues in the studies conducted by Iqbal et al. (2011) and Wang et al. (2011) showed a decrease in available P under mulched soil compared to bare soil. Singh and Jones (1976) found that residues with a P concentration of less than 0.22% resulted in a net P immobilization. Moreover, surface residues can affect topsoil pH (e.g., Lal 1997; Govaerts et al. 2007 ) which may also have a strong effect on soil P availability (Sato and Comerford 2005) . The possible effects on soil pH are related to the chemical composition of residues and soil properties. This could be one of the explanations for the spread of observations. It has also been demonstrated that organic compounds released during residue decomposition can increase or decrease a soil's P Fig. 4 Relative effect of surface crop residues on soil erosion control. Blue symbols are data from temperate zones and red symbols from tropical zones. Filled symbols are data from simulated rainfall and unfilled symbols are from real rainfall events. The black curve is the boundary line using the maximum likelihood methodology. The red curves are from published literature Data were from Gilley et al. 1986 , Jordán et al. 2010 , Lal 1984 , Lal 1997 , Nyakatawa and Jakkula 2007 , Scopel et al. 2005 , Stumborg et al. 1996 , Woyessa and Bennie 2004 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3 adsorption capacity, depending on the P concentration of residues (Haynes and Mokolobate 2001) .
Exchangeable soil potassium
Surface crop residues increased exchangeable soil K content compared to bare soil (Fig. 5e, f) in the two studies that we retrieved from the literature. According to the observations made in these studies, the efficiency of residue cover in enhancing soil exchangeable K was more pronounced in a temperate climate than in a tropical climate.
Crop residues are known to be rich in K and are therefore expected to be an important source of soil K when retained on the soil (Lupwayi et al. 2006) . The efficiency of residue cover in increasing soil exchangeable K depends to a large extent on the residue's K content. Rosolem et al. (2005) have shown that released K is correlated to the residue's K content. Potassium is, however, prone to leaching (Rosolem et al. 2006; Calonego and Rosolem 2013) . This could explain the relatively small increase of exchangeable K in the top soil layers with increased residue levels (Fig. 5e ).
Effect of surface crop residues on soil organic carbon
The studies examined in this section reported soil organic carbon (SOC) stocks (t ha −1 ) in the 0-20 cm topsoil layer and varied in time between 3 and 28 years. For some cases, SOC stocks were calculated from the reported data on SOC concentration and bulk density. For each study, we also calculated the corresponding average annual SOC storage rate.
Overall, SOC stocks increased with increasing amounts of residues (Fig. 6) . According to the boundary line, the maximum increase of SOC stocks compared to bare soil was 50% with residue amounts of 6 t ha . Parameter estimates for the boundary line were highly significant (P < 0.01). No relationship was found for the proportion of soil covered by residues (Fig. 6b) .
Annual gains of SOC from the selected studies were relatively low, with a mean of 0.50 t C ha −1 year −1 for residue levels of 1.5 to 16 t ha −1 . The maximum SOC gain corresponded to 1.75 t C ha −1 year −1 with 16 t ha −1 of residues (Fig. 6c) . Parameter estimates for the boundary line were also highly significant (P < 0.001). SOC storage depends mainly on soil texture and structure (Campbell et al. 1996a, b; Lal 2004) which to a large extent explains the variability of results for the same amount of residue. The finer fraction of soil (silt and clay) plays an important role in stabilizing SOC (Lorenz et al. 2008; Jagadamma and Lal 2010) . As a result, clay soils will in general have higher SOC stocks than sandy soils. However, we were not able to consider clay or sand content as a co-variable in our analysis because of the limited data; information on soil texture was not always available for the selected studies.
The low response of SOC stocks to residue cover for some of the cases studied could also be due to the high initial SOC content (Rasmussen and Collins 1991) . Once steady state SOC levels are reached, annual returns of residues no longer affect SOC stocks (Hooker et al. 2005) . This may explain the relatively small increases of SOC stocks in the >15-year experiments reported by Hooker et al. (2005) and Lenka and Lal (2013) .
Effect of surface crop residues on weed infestation
Surface crop residues are known to have an impact on weed ecology (Chauhan et al. 2012) . Residue cover can influence weed emergence and weed biomass by altering soil moisture, light transmittance to the soil surface and the leaves of weed seedlings or through allelopathic effects (Chauhan et al. 2012) .
Weed emergence
Overall, weed emergence decreased with increasing amounts of residues (Fig. 7a) . However, in some cases where mulch rates were less than 7 t dry matter ha −1 , weed emergence was stimulated compared to bare soil. The quantity of mulch needed to reduce weed emergence by 50% relative to bare soil varied widely from 1 to 10 t dry matter ha −1
. The maximum effect, as shown by the boundary line, occurred with residue amounts of 4 t dry matter ha −1 or above. Parameter estimates for the boundary line were highly significant (P < 0.001). No relationship was found between the proportion of soil covered by crop residues and weed emergence (Fig. 7b) . Surface crop residues create micro-environments that are either inhibitive or favorable to weed germination. Crop residues can interfere with weed establishment either by physically impeding their emergence and altering soil conditions (Teasdale and Mohler 2000; Bilalis et al. 2003) , or by exhibiting allelopathic effects which inhibit weed germination (Weston 1996 ). An increase in soil moisture in the topsoil layer due to the presence of surface crop residues can stimulate weed emergence, particularly under a partially covered soil (Buhler et al. 1996) .
The effect of surface residues on weed emergence may also vary according to the rate of residue decomposition (Teasdale and Mohler 2000) . Rapid residue decomposition leads to a swift decrease in soil cover and may promote weed emergence by increasing soil fertility. Among other factors, this could explain the variable responses for equal residue amounts (Fig. 7a) . For example, the two distinct relationships between weed emergence and the amount of surface residue found by Teasdale and Mohler (2000) during the 1996 and 1997 seasons were in part explained by the faster residue decomposition in 1996 than in 1997. The different responses of weed emergence to residue cover between temperate and tropical climate zones (Fig. 7a, b) can to a certain extent be explained by the effect of climate conditions on the dormancy release of weed populations (Benech-Arnold et al. 2000) . 5 Relative effect of surface crop residues on soil nutrient availability (N, P, K). Blue symbols are data from temperate zones and red symbols from tropical zones. Filled symbols are data with legume residues and unfilled symbols with cereal and a mixture of cereal and legume residues. Black curves are the boundary lines using the maximum likelihood methodology Data were from Feng et al. 2014 , Iqbal et al. 2011 , Karlen et al. 1994 , Pradhan et al. 2011 , Vollmer et al. 2010 , Sainju et al. 2007 , Wang et al. 2011 , Wei et al. 2014 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3
Weed biomass
An increase in the amount of surface crop residues limited weed biomass compared to bare soil (Fig. 7c, d ). The maximum effect, as shown by the boundary line, occurred with residue amounts of 4 t dry matter ha −1 or above. Parameter estimates for the boundary line were significant (P < 0.01).
No relationship was found between the proportion of soil covered by crop residues and weed biomass (Fig. 7d) .
Residues retained on the soil influence light, temperature and moisture conditions of a soil and thereby affect weed biomass (Teasdale and Mohler 1993) . Apart from the amount of residue, the efficiency of weed control through mulching also depends on the type of residue and the weed species (Teasdale and Mohler 2000) , which could explain the variable responses. For example, results from Mischler et al. (2010) , Campiglia et al. (2012) and Radicetti et al. (2013) showed that oat residues had a higher weed suppression capacity than residues from hairy vetch and oilseed rape. Oat residues are known to act as a smother crop for weed control (Zerner et al. 2008) . In addition, oat residues have allelopathic effects influencing the germination and growth of weeds (KatoNoguchi et al. 1994) . Finally, surface crop residues influence the specific conditions of weed growth, which may influence the species composition and population of weeds (Teasdale et al. 1991 ). This in turn may affect the weed biomass as a result of weed-specific development and growth rates. To a large extent, this probably explains the different responses of weed biomass to crop residue cover.
3.6 Effect of surface crop residues on soil mesoand macrofauna abundance Soil meso-and macrofauna abundance plays an important role in the soil environment. It has been stated that the application of crop residues is the most effective practice for enhancing soil biodiversity (Liu et al. 2016) . Among the eight papers reviewed, one paper studied the nematode community, two Clapp et al. 2000 , Halpern et al. 2010 , Hooker et al. 2005 , Lal 1998 , Lenka and Lal 2013 , Nawaz et al. 2016 , Scopel et al. 2005 , Spedding et al. 2004 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3 studied arthropods and five studied earthworms. The results showed that this type of fauna increased with increasing amounts of surface residues (Fig. 8a) . However, the increases in soil fauna in relation to increasing amounts of residues were relatively low. With 5 t dry matter ha −1 of surface residues, soil fauna can be increased by a maximum of 30% compared to bare soil, as shown by the boundary line. Karlen et al. (1994) found that increasing the mulch rate to more than 10 t dry matter ha −1 did not further increase soil fauna, which corresponds to the boundary line fitted in our study. We did not find a clear relationship between the proportion of soil covered by crop residues and soil meso-and macrofauna abundance (Fig. 8b) .
Residue cover provides organic matter which is a food source for soil fauna (Stinner 1990; Kladivko 2001) . However, the effects vary according to the type of residue, which to a large extent explains the variability in responses to crop residue amounts (Fig. 8a) . Some authors have found that the earthworm population was negatively correlated to the C-to-N ratio and polyphenol concentration of residues (Hendriksen 1990; Tian et al. 1993) .
The relatively weak response of fauna in soils with surface residues compared to bare soil could also be explained by the fact that the bare reference soils are no-till soils. It is generally known that no-till enhances the diversity of soil fauna and their recovery after conventional tillage (Kladivko 2001; Blanchart et al. 2007; Brévault et al. 2007 ).
Maximum effects of crop residue cover
The boundary lines for all agro-ecological functions were combined in order to compare the maximum effects of surface residue cover between the agro-ecological functions. Fig. 7 Relative effect of surface crop residues on weed emergence and weed biomass control. Equations on weed emergence are from Teasdale and Mohler (2000) and correspond to a regression curve fitted to their observed data, with the solid line for the year 1996 (r 2 = 0.43) and the dotted line for 1997 (r 2 = 0.59). For weed biomass, curves in blue are from Radicetti et al. (2013) and correspond to regression curves fitted to their observed data (r 2 not available). Solid line in red is an equation from Chauhan (2013) and corresponds to a regression curve fitted to his observed data (r 2 = 0.99). Dotted line in red is from Ngwira et al. (2014) and corresponds to a boundary line fitted through their boundary points. Blue symbols are data from temperate zones and red symbols from tropical zones. Black curves are the boundary lines using the maximum likelihood methodology Data were from Ahmed et al. 2007 , Bilalis et al. 2003 , Bunna et al. 2011 , Campiglia et al. 2010 , Chauhan and Johnson 2011 , Chauhan and Abugho 2013 , Chauhan 2013 , Mischler et al. 2010 , Ngwira et al. 2014 , Peachey et al. 2004 , Radicetti et al. 2013 , Teasdale and Mohler 2000 , Webster et al. 2013 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3
As shown in Fig. 9 , the potential maximum effect of increasing amounts of surface crop residues on soil water evaporation control and soil nutrient availability was relatively low. Meso-and macrofauna abundance had a similarly weak response to increasing amounts of surface crop residues. On the other hand, the potential maximum effect of surface crop residues on soil water infiltration, water runoff and soil loss control was large. The threshold value of 2-3 t ha −1 of residues to reach the maximum effect on these agro-ecological functions predicted by the boundary lines is in accordance with the usual recommendation of a minimum soil cover of 30% in the practice of conservation agriculture (FAO 2015) . Weed emergence and biomass control showed a maximum response from 4 t ha −1 of residues. The SOC stock increases with increasing amounts of mulch. Our estimated amounts of surface crop residues from the boundary lines are low compared to the estimated 7 t dry matter ha −1 recommended by Carvalho et al. (2016) to Fig. 8 Relative effect of surface crop residues on meso-and macrofauna abundance. Blue symbols are data from temperate zones and red symbols from tropical zones. Black curves are the boundary lines using the maximum likelihood methodology Data were from Karlen et al. 1994 , Obalum and Obi 2010 , Pereira et al. 2010 , Zhang et al. 2012 . Ym: value of mulch soil, Yb: value of bare soil, see equations 2 and 3 Fig. 9 Maximum effect of surface crop residues in relation to their amount for a set of agro-ecological functions. Effect of residues was calculated as (Ym-Yb)/Yb for soil water infiltration, available N P K, SOC stock and meso-and macrofauna abundance, which have positive impacts on crop production; and (Yb-Ym)/Yb for soil water evaporation, water runoff, soil erosion, weed emergence and weed biomass, which have negative impacts on crop production. Ym = agro-ecological function on mulched soil, Yb = agro-ecological function on bare soil. The curves are the boundary lines fitted from published data using the maximum likelihood methodology preserve the maximum agronomic benefits of mulch. However, it should be noted that while the boundary lines represent the largest possible responses of agro-ecological functions to surface crop residues, typically a range of responses exists depending on other factors such as soil and climate conditions and the type of residue. Indeed, it is assumed that values below the boundary line are influenced by other independent variables or a combination of variables (Webb 1972 ) which limit the agro-ecological functions. The boundary lines represent the potential effects.
Conclusions
This systematic review of the agro-ecological functions of crop residue cover showed the overall beneficial effects of increasing the amounts of residues retained in the field as mulch. The amount of residue needed to have a significant effect compared to bare soil varied according to the agro-ecological function. Our analysis showed that more than 8 t ha −1 of residues was needed to decrease soil water evaporation by about 30% compared to a no-till bare soil. On the other hand, residue amounts of 2 to 3 t dry matter ha −1 were sufficient to significantly improve soil water infiltration and control soil loss and water runoff. Soil nutrient (N, P and K) availability and SOC stocks showed relatively weak responses to increased amounts of residues. The boundary line models for soil N, P and K supply were not significant. The estimated average annual gains in SOC were relatively low, with a mean of 0.38 t ha −1 year −1 of SOC for residue amounts of 4 to 5 t ha −1 .
The maximum effects of residue cover on weed emergence and biomass control were reached with 4 t ha −1 of residues or more, and corresponded to a decrease of more than 90% compared to bare soil. Soil meso-and macrofauna abundance showed a weak response to increasing residue levels. The maximum effect corresponded to an increase of 45% compared to no-till bare soil and was reached from 10 t ha −1 of residues. However, the predictive power of the derived functions should be considered with caution, particularly for soil water evaporation and soil nutrient availability, for which available data from the published literature were very limited. The optimal amounts of surface residues in the practice of conservation agriculture will depend on the type of constraints to crop production which can be addressed with mulching. In high-input cropping systems, the role of surface residues may be more that of enhancing soil water processes, especially water runoff and soil erosion control, while in low-input systems, the role of mulching lies probably more in enhancing soil fertility through maintaining or increasing SOC stocks.
In reality, for many farmers leaving optimal levels of surface residues on their fields is problematic because of tradeoffs that exist with other uses. For example, small-scale farmers in sub-Saharan Africa tend to give precedence to using residues for livestock feed; not feeding crop residues to livestock would create too great a trade-off in livestock production on their farms. Likewise, commercial large-scale producers of maize in the USA or South America may find it economically more attractive to harvest maize residues for ethanol production and give preference to this rather than its use as mulch on the soil.
